Introduction {#sec1-0885328219900078}
============

The adjunctive use of a surgical sealant to reinforce suture lines during surgery has been shown to significantly improve haemostasis, reduce blood loss and transfusion requirements, and shorten the duration of surgery.^[@bibr1-0885328219900078]^ This is not only advantageous for the patient, but has the potential to provide significant economic benefits to the healthcare system.^[@bibr2-0885328219900078],[@bibr3-0885328219900078]^

An ideal sealant for use on vascular tissue should combine elasticity and flexibility with strong tissue adhesion and favourable biocompatibility.^[@bibr4-0885328219900078]^ A wide variety of sealants has been investigated in this setting, including those based on proteins such as fibrinogen and albumin, and those based on synthetic polymers such as polyethylene glycol (PEG) and polyurethane.^[@bibr4-0885328219900078],[@bibr5-0885328219900078]^ Fibrin sealants have demonstrated efficacy for treatment of suture line bleeding during vascular surgery, with haemostasis achieved significantly faster compared to use of manual compression.^[@bibr6-0885328219900078],[@bibr7-0885328219900078]^ Another protein-based sealant that has been evaluated in the setting of vascular surgery is BioGlue (CryoLife Inc., Kennesaw, GA, USA), which forms a seal composed of bovine serum albumin (BSA) crosslinked with glutaraldehyde.^[@bibr8-0885328219900078]^ This sealant was found to be superior to standard anastomotic repair for achieving immediate haemostasis.^[@bibr9-0885328219900078]^ Coseal (Baxter Healthcare Corp., Deerfield, IL, USA) is a sealant that contains no human or animal-derived components. It is composed of multifunctional PEG chains, which crosslink on the tissue surface to form a strongly adhered hydrogel seal.^[@bibr10-0885328219900078]^ Suture line reinforcement with Coseal has been shown to achieve more rapid haemostasis than use of certain other sealants in vascular surgery patients.^[@bibr11-0885328219900078][@bibr12-0885328219900078]--[@bibr13-0885328219900078]^

Contact between tissue and an implanted foreign substance invariably results in a reaction, the magnitude and manner of which depends on various material properties, including surface chemistry, stiffness and degradation rate.^[@bibr14-0885328219900078]^ A significant adverse response to a tissue sealant could result in poor healing of the target lesion, leading to a requirement for re-operation.^[@bibr15-0885328219900078],[@bibr16-0885328219900078]^ Studies have evaluated the response of a variety of different tissue types to BioGlue, with variable results reported in terms of the severity of tissue reaction.^[@bibr17-0885328219900078][@bibr18-0885328219900078][@bibr19-0885328219900078][@bibr20-0885328219900078][@bibr21-0885328219900078][@bibr22-0885328219900078][@bibr23-0885328219900078][@bibr24-0885328219900078][@bibr25-0885328219900078]--[@bibr26-0885328219900078]^ Research regarding Coseal suggests that this material may hold chemical and mechanical advantages over BioGlue^[@bibr26-0885328219900078][@bibr27-0885328219900078][@bibr28-0885328219900078][@bibr29-0885328219900078]--[@bibr30-0885328219900078]^; however, a head-to-head comparison of the vascular tissue reactions to these two particular materials has not been performed to date. This is despite both sealants being indicated for use as an adjunct to mechanical sealing during repair and/or reconstruction of large blood vessels. The aim of the present study, therefore, was to directly compare the aortic and peri-aortic tissue response elicited by BioGlue and Coseal in a rabbit aorta suture hole model. This model was selected to indicate the efficacy of these two sealants for surgical procedures that involve suturing of endogenous vascular tissue, including prosthesis implantation and vascular repair.

Materials and methods {#sec2-0885328219900078}
=====================

Materials {#sec3-0885328219900078}
---------

BioGlue consists of two components, 45% purified BSA and 10% glutaraldehyde. The two solutions mix in the applicator tip of the delivery device, where crosslinking is spontaneously initiated. Once dispensed through the tip, crosslinking also binds the material to proteins on the tissue surface, forming a seal in ∼2 min.^[@bibr8-0885328219900078]^

Coseal consist of tetra-succinimidyl and tetra-thiol-derivatised PEG species, which are added to an applicator device as solutions in separate syringes. The two polymers combine in the applicator tip and start to crosslink. The polymer mixture is then applied to the tissue surface, either through a standard applicator tip or a spray tip, where further crosslinking results in a strongly adherent, flexible hydrogel seal within ∼1 min.^[@bibr2-0885328219900078],[@bibr10-0885328219900078],[@bibr27-0885328219900078]^

Animal care {#sec4-0885328219900078}
-----------

A total of 20 male New Zealand white rabbits from 2.3 to 3.2 kg in weight were included. The study received an animal experiment permit from the Provincial Government of Lower Austria and was performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH Publication No. 85--23; revised 2011). The rabbit is a standard model in biocompatibility testing and is typically the model of choice for implant testing (e.g. ISO 10993). Rabbits are typically used to assess short-term efficacy and safety of vascular implant materials.

The animals were housed in stainless steel cages at an approximate mean room temperature of 18°C, with a relative humidity of 55% and artificial daylight conditions alternating between night and day at 12-h intervals. The cages contained wooden gnawing blocks, muesli and hay and the animals were given ad libitum access to food (ssniff® K-H diet for rabbits; ssniff Spezialdiäten GmbH, North Rhine-Westphalia, Germany) and drinking water. The animals were manually block randomised to treatment days, with four animals undergoing the procedure on each day. On the day of surgery, four animals were randomised (1:1) to undergo testing with BioGlue (*n* = 2) or Coseal (*n* = 2).

Surgical procedure {#sec5-0885328219900078}
------------------

The animals received pre-emptive analgesia (buprenorphine (0.05 mg/kg s.c.) and carprofen (4 mg/kg s.c.)) at least one hour before surgery. Anaesthesia was induced with ketamine hydrochloride (35 mg/kg s.c.) and xylazine hydrochloride (5 mg/kg s.c.). A surgical plane of anaesthesia was maintained with isoflurane (0.5--3.0%) and oxygen (97--99%) via inhalation through a face mask, as needed. Approximately 45 min after induction of anaesthesia, ketamine hydrochloride (10 mg/kg/h i.v.) was administered as needed.

Under anaesthesia, the abdomen was shaved and prepared using a disinfecting scrub. A median laparotomy was performed and ∼2 cm of the abdominal aorta was exposed. After heparinisation (100 IU/animal), the aorta was clamped and punctured four times in a single line with an RB-1 suture needle, evenly distributed over 2 cm. All procedures were performed by the same veterinary surgeon, who remained blinded to the test sealant until after the lesion had been created. A suitable volume of test sealant was applied for each group as per the Instructions for Use (IFU) to cover all holes while minimising excess material that was unnecessary for lesion coverage, mimicking clinical use. Each application covered the entire 'lesion site' but varied slightly in volumes (between 0.25 ml and 0.5 ml) due to the in situ presentation.

In the Coseal group, clamps were removed 1 min after application, as per IFU. In the Bioglue group, clamps were removed after 2 min, also as per manufacturer's instructions. In two cases (once with Coseal and once with BioGlue), no definitive haemostasis was achieved and reapplication of the sealant was performed. Approximately 5 min after application of the test material, the incision was closed in two layers. A lidocaine (1 ml per animal) 'splash block' was applied after closure of the peritoneum, before closure of the skin incision.

The animals received buprenorphine (0.05 mg/kg s.c.) three times daily and carprofen (4 mg/kg s.c.) once daily for the subsequent four days. The general health and recovery of the animals was monitored by daily postoperative assessments carried out by a veterinarian, and technicians inspected the animals at least once daily for a 2-week observation period. This time length was chosen because it is late enough to observe chronic reactions and defect closure can be expected.

At the end of the 2 weeks, the animals were humanely euthanised with an overdose of thiopental under deep anaesthesia. The implantation site was visually inspected, and macroscopic signs of inflammation, including general adhesion and capsule formation, were documented by the veterinary surgeon. Tissue samples from the aorta at the puncture sites, and surrounding tissue, were then taken for histopathological analysis.

Histopathological analysis {#sec6-0885328219900078}
--------------------------

The harvested tissue samples were fixed in 10% neutral buffered formalin and embedded in paraffin wax. Transverse sections ∼1--2 μm thick were cut at the site of injury for each lesion and subsequently stained with haematoxylin and eosin (HE). To limit bias, all HE stained slides were assessed in a blinded fashion by independent pathologists at two different institutions (Centre 1: Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, Vienna; Centre 2: Institute of Pathology, University of Veterinary Medicine, Vienna). However, it should be noted that in the case of present material residues, these in theory would allow identification of the treatment group to the trained eye. Three sections from each animal were examined. Basic histological assessment was performed to characterise the magnitude, spread and type of inflammatory alterations. Differentiation of participating cell types in HE-stained slides was based on typical morphological characteristics. The degree of inflammation based on the general presence of inflammatory cells (independent of the participating cell types) was scored for the sample with the most prominent alterations as none (0), mild (1), moderate (2) or severe (3), to determine the worst-case reaction.

In addition, a secondary detailed assessment was performed at the University of Veterinary Medicine by a blinded pathologist, where the type of inflammation was categorised according to the presence and/or the predominating cell type(s) in the affected area, including granulocytes, macrophages, epithelioid cells and multinucleated giant cells. Specifically, the tissue was examined for inflammatory infiltrates (e.g. the presence of lymphocytes, macrophages and plasma cells), foreign body reaction (e.g. presence of foreign body giant cells and necrosis) and bacterial colonisation. Furthermore, the presence and quantity of sealant deposits were semiquantitatively assessed by microscopic visualisation of the HE-stained slides, and graded on a scale of 0 (none) to 3 (severe).

For evaluation of bacterial involvement Brown and Brenn staining was used in all sections. Luna staining was applied for differentiation and quantification of granulocytes in paraffin-embedded sections. Three sections from each animal were examined, and that with the most prominent alterations was selected for further analysis. The extent of eosinophilic granulocytes was visually counted per high power field (HPF) in areas of most intense cell infiltration, and was graded as follows: grade 0: \<5 cells/HPF; grade 1: 5--\<100 cells/HPF; grade 2: 100--500 cells/HPF; grade 3: \>500 cells/HPF. To exclude the potential presence of mast cells in the HPF counts, toluidine blue staining was additionally employed.

Immunohistochemical staining {#sec7-0885328219900078}
----------------------------

B cell tissue infiltration was evaluated by immunostaining using an anti-CD79a mouse monoclonal antibody (ab3121, Abcam, dilution 1:1000, pre-treatment pH 8) followed by an anti-mouse secondary antibody conjugated to a horseradish peroxidase (HRP)-labelled polymer (BrightVision Poly-HRP-anti-mouse; ImmunoLogic). Diaminobenzidine was subsequently employed as the substrate for visualisation, with all sections then counterstained with haematoxylin. Three sections from each animal were examined, and that with the most prominent alterations was selected for further analysis. The following grading was employed: grade 0: no positive cell in any section; grade 1: \<10 positive cells interspersed in all sections; grade 2: 10--150 positive cells in circumscribed areas of most intensive infiltration; grade 3: \>150 positive cells within a circumscribed inflammatory focus displaying positive expression.

In vitro mechanical testing {#sec8-0885328219900078}
---------------------------

Cylindrical specimens of sealant (BioGlue *n* = 14; Coseal *n* = 10) with a circular cross-section of 1 cm in diameter were cast using moulds following the IFU for each product. The specimens had an approximate thickness of 4 mm. The samples were then evaluated using a uniaxial mechanical testing machine (BZ 2.5/TN1S; Zwick GmbH & Co. KG, Ulm, Germany) with a 2.5 kN load cell (Xforce HP; Zwick GmbH & Co. KG, Ulm, Germany). When a preload of 0.1 N was achieved, the distance between the plates was measured as the materials were compressed at a constant speed of 1 mm/min, up to 80% deformation. The compressive modulus was calculated by performing a regression on the segment between 15% and 20% deformation, which was considered to be linear and within the relevant range of deformation.

Statistical analysis {#sec9-0885328219900078}
--------------------

A Mann--Whitney U test was used to analyse the differences between inflammation grades and tissue cellular infiltration induced by the two sealants. A two-tailed t-test was used to analyse the differences between compression moduli after D'Agostino and Pearson normality testing. Statistical analysis was performed using GraphPad Prism version 5.01 (San Diego, CA, USA).

Results {#sec10-0885328219900078}
=======

Of the 20 animals that were randomised, one died prior to surgery due to the anaesthesia; therefore, 19 animals underwent surgery. Of these, one animal (BioGlue group) died on postoperative day 9 due to an unrelated cause and so was excluded from the analysis. Tissue from a total of 18 animals, nine animals per sealant, was therefore evaluated.

Representative macroscopic images of the lesion sites 2 weeks after sealant application are shown in [Figure 1](#fig1-0885328219900078){ref-type="fig"}. All application sites showed signs of inflammation. BioGlue residue could be seen at the site of application, surrounded by a connective tissue capsule. In contrast, no residue from Coseal could be visualised macroscopically.

![Representative images of the application sites after 2 weeks: (a) BioGlue, \*aorta, grey box: area of application and tissue reaction; (b) Coseal, \*aorta, grey box: area of application and tissue reaction%; (c) opened tissue capsule that surrounded the BioGlue residue.](10.1177_0885328219900078-fig1){#fig1-0885328219900078}

Histopathological observations {#sec11-0885328219900078}
------------------------------

Overall, the sealant-induced inflammatory reactions, ranging from mild to severe, were primarily localised in the peri-aortic, and sometimes aortic, tissue ([Figure 2](#fig2-0885328219900078){ref-type="fig"}). Specifically, in the BioGlue group, the grade of inflammation was moderate-to-severe ([Figure 3](#fig3-0885328219900078){ref-type="fig"}), with mean ± SD values of 2.44 ± 0.53 as graded by the assessor at centre 1, and 2.67 ± 0.50 as graded by the assessor at centre 2. In contrast, in the Coseal group, the inflammation was graded as mild-to-moderate ([Figure 3](#fig3-0885328219900078){ref-type="fig"}), with values of 1.00 ± 0.0 (centre 1) and 1.56 ± 0.53 (centre 2). The differences between the two sealants were found to be statistically significant both for centre 1 (*p* \< 0.0001) and centre 2 (*p* = 0.002). Regardless of the sealant used, the aorta revealed a segmental circular fragmentation ([Figure 2(a) and (b)](#fig2-0885328219900078){ref-type="fig"}), commonly accompanied by dystrophic calcification of the vessel wall, without inflammatory response. In most cases, inflammatory infiltrates were localised to the soft tissue adjacent to the aortic adventitia. In two cases in the BioGlue group, inflammation spread to the inner layers of the aortic wall, including the tunica media and tunica intima. In a small number of samples in each group, the aorta demonstrated hypertrophy of the blood vessel endothelium. In one animal in the BioGlue group, there was partial necrosis of the arterial wall, consisting of shrunken smooth myocytes with pyknotic nuclei.

![(a) BioGlue; (b) Coseal: in both groups inflammatory cells (\*) were localised predominantly around the aorta, demonstrating segmental circular fragmentation (arrowheads) of the vessel wall, scale bar = 400 μm.](10.1177_0885328219900078-fig2){#fig2-0885328219900078}

![(a) Mean (±standard deviation (SD)) of grades given by investigators at centre 1; (b) Mean (±SD) of grades given by investigators at centre 2. *p*-Values were calculated using a Mann--Whitney U test. Inflammation grade: none (0); mild (1); moderate (2); severe (3). The use of means in the figure is for the purpose of illustration.](10.1177_0885328219900078-fig3){#fig3-0885328219900078}

Cellular infiltration {#sec12-0885328219900078}
---------------------

Irrespective of the sealant, inflammatory infiltrates typically contained macrophages, individually scattered either in the form of epithelioid cells and/or multinucleated giant cells, sometimes arranged around residual tissue sealants ([Table 1](#table1-0885328219900078){ref-type="table"}). However, there was no clear difference in the distribution of macrophages between the two groups. Lymphocyte infiltration was also present, but varied depending on the sealant used; being moderate-to-severe in the BioGlue group and mild-to-moderate in the Coseal group ([Table 1](#table1-0885328219900078){ref-type="table"}). Plasma cells were found in varying numbers in all BioGlue specimens. In contrast, mild plasma cell infiltration was evident in only two Coseal specimens. In addition, moderate-to-severe infiltration by intensively eosinophilic-stained, distinctly granulated granulocytes was found in all BioGlue specimens. Conversely, eosinophilic-stained cells were found in only three Coseal specimens, with this infiltration classed as mild-to-moderate.

###### 

Inflammation pattern A: granulomatous with eosinophil-like cell infiltration; pattern B: granulomatous with few/no eosinophil-like cells.

![](10.1177_0885328219900078-table1)

              Inflammation pattern   Eosinophils   Epithelioid/giant cells   Lymphocytes   Plasma cells   B cells   Residual sealant   
  ----------- ---------------------- ------------- ------------------------- ------------- -------------- --------- ------------------ --------
  BioGlue     A                      2             2                         1             2              2         1                  3
  BioGlue     A                      3             2                         1             2              2         1                  3
  BioGlue     A                      2             2                         1             2              1         3                  2
  BioGlue     A                      3             3                         1             2              2         3                  2
  BioGlue     A                      2             2                         1             2              1         2                  3
  BioGlue     A                      2             2                         2             2              3         3                  2
  BioGlue     A                      2             3                         1             2              1         3                  2
  BioGlue     A                      3             3                         2             3              2         3                  3
  BioGlue     A                      2             2                         2             3              2         3                  3
  Median      --                     2             2                         1             2              2         3                  3
  Mean                               2.33          2.33                      1.33          2.22           1.77      2.44               2.56
  SD                                 0.5           0.5                       0.5           0.44           0.67      0.88               0.53
  Coseal      B                      0             0                         0             1              0         1                  0
  Coseal      B                      0             0                         2             1              0         1                  1
  Coseal      B                      0             0                         0             1              0         0                  0
  Coseal      B                      0             0                         1             1              1         0                  1
  Coseal      A                      2             1                         2             2              0         2                  1
  Coseal      B                      0             0                         1             1              0         0                  2
  Coseal      B                      1             1                         2             1              1         2                  2
  Coseal      --                     1             0                         0             1              0         2                  0
  Coseal      B                      0             0                         1             1              0         0                  1
  Median      --                     0             0                         1             1              0         1                  1
  Mean        --                     0.44          0.22                      1             1.11           0.22      0.89               0.89
  SD                                 0.73          0.44                      0.87          0.33           0.44      0.93               0.78
  *p*-value   --                     0.0003        \<0.0001                  0.5           0.0003         0.0004    0.003              0.0006

Grading defined qualitatively on a scale of 0 (no cells) to 3 (high infiltration of cells).

^a^Grading defined as cells per high-power field as follows: grade 0, 5 cells; grade 1, 5--\<100 cells; grade 2, 100--500 cells; grade 3, \>500 cells.

^b^Grading defined as follows: grade 0, no positive cells in any area; grade 1, \<10 positive cells in each area; grade 2, 10--150 positive cells in areas of most intense infiltration; grade 3, \>150 positive cells within a set area.

^c^Grading defined qualitatively as extent of residual sealant as follows: grade 0, no residual sealant; grade 1, minimal residual sealant; grade 2, moderate quantity of residual sealant; grade 3, large quantity of residual sealant. *p*-Values calculated using a Mann--Whitney U test.

When the specimens were classified according to the predominating cells present, two distinct patterns of granulomatous reactions were identified; pattern A was characterised by a robust presence of eosinophilic granulocytes ([Figures 4(a) and (b)](#fig4-0885328219900078){ref-type="fig"} and [5(a) and (b)](#fig5-0885328219900078){ref-type="fig"}), while pattern B was devoid of them ([Figures 4(c) and (d)](#fig4-0885328219900078){ref-type="fig"} and [5(d) and (e)](#fig5-0885328219900078){ref-type="fig"}). Pattern A was found in all samples of the BioGlue group (9/9) and one Coseal sample, whereas pattern B clearly predominated in Coseal samples (7/9).

![(a and b) BioGlue, Pattern A: (a) Intense granulomatous inflammation, scale bar = 150 μm, material residues are marked with \*; (b) Note lymphocytes, plasma cells, multinucleated giant cells (arrows) and many intensively eosinophilic-stained granulocytes (arrowheads), scale bar = 40 μm; (c and d), Coseal, Pattern B: (c) Moderate granulomatous inflammation (arrowheads), scale bar = 150 μm; (d) note the presence of many macrophages (arrowheads) and few lymphocytes, scale bar = 40 μm. Localisation of high magnification images are highlighted in the low-power images.](10.1177_0885328219900078-fig4){#fig4-0885328219900078}

![(a to c) BioGlue, Pattern A: (a) HE staining demonstrating a mixed pattern of epithelioid cells (arrowheads), eosinophilic granulocytes (arrows) and a few plasma cells and lymphocytes, scale bar = 30 μm; (b) Luna staining showing numerous intensively stained (red) eosinophilic granulocytes (arrowheads), scale bar = 30 μm; note that erythrocytes reveal a similar staining pattern, but can be differentiated in high power images as they do not contain nuclei; (c) CD79a immunostaining indicate that many cells of the infiltrate comprise B-lymphocytes (arrowheads), scale bar = 40 μm; (d to f) Coseal, Pattern B: (d) HE staining demonstrating granulomatous inflammation comprising epitheloid cells (arrows), scale bar = 30 μm; (e) Just single eosinophilic granulocytes can be found by Luna staining (arrowheads), scale bar = 30 μm; (f) Some immunopositive B-cells can be demonstrated by CD79a immunohistochemistry (arrowheads), scale bar = 40 μm.](10.1177_0885328219900078-fig5){#fig5-0885328219900078}

In the BioGlue specimens, Luna staining demonstrated predominantly moderate-to-severe infiltration by eosinophilic granulocytes ([Figure 5(b)](#fig5-0885328219900078){ref-type="fig"}). In contrast, these cells were typically absent in Coseal specimens; if present, they were observed in minimal numbers and were individually interspersed ([Figure 5(e)](#fig5-0885328219900078){ref-type="fig"}). Irrespective of the sealant, no mast cells were detected in any of the HE- and toluidine blue-stained sections.

Brown and Brenn staining revealed that bacteria were not present in all samples.

Immunohistochemical staining {#sec13-0885328219900078}
----------------------------

In six BioGlue specimens, CD79a immunohistochemical staining revealed a severe infiltration of B cells ([Figure 5(c)](#fig5-0885328219900078){ref-type="fig"}; [Table 1](#table1-0885328219900078){ref-type="table"}), whereas mild to moderate B-cell infiltrations were found in three BioGlue cases. In the Coseal group, mild infiltration of these cells was observed in two specimens, whereas moderate B-cell infiltration was evident in three cases ([Figure 5(f)](#fig5-0885328219900078){ref-type="fig"}). B cells were predominantly arranged in a follicular pattern. In the remaining four Coseal specimens, B cells were not found.

Sealant residues {#sec14-0885328219900078}
----------------

Notable quantities of homogeneous, eosinophilic sealant material were consistently observed in the BioGlue samples 2 weeks after application ([Figure 4(a)](#fig4-0885328219900078){ref-type="fig"}). When residual sealant was quantified using a scale of 0 (no residual sealant) to 3 (large quantity of residual sealant), a mean ± SD score of 2.60 ± 0.52 was calculated for the BioGlue specimens, while Coseal residues were graded as 0.89 ± 0.78. Intraluminal sealant was not present in all specimens.

Mechanical properties {#sec15-0885328219900078}
---------------------

The two sealants presented very different stress--strain profiles ([Figure 6(a)](#fig6-0885328219900078){ref-type="fig"}), with BioGlue displaying the profile of a highly reticulated polymer, while Coseal displayed the exponential behaviour of a hydrogel. The compressive moduli were found to differ by an order of magnitude (*p* \< 0.0001), ([Figure 6(b)](#fig6-0885328219900078){ref-type="fig"}); the mean ± SD compressive modulus for BioGlue was 1833 ± 297 kPa, while it was 91 ± 41 kPa for Coseal.

![(a) Stress--strain curve resulting from compression of sealant samples; (b) Comparison of compressive moduli for sealant samples showing mean (central line), SD (bars) and individual sample values (squares/dots).](10.1177_0885328219900078-fig6){#fig6-0885328219900078}

Discussion {#sec16-0885328219900078}
==========

The pathological examination of the tissue response to BioGlue and Coseal revealed marked quantitative and qualitative differences between the two tested products. In all but two samples in the Coseal group, the unspecific HE staining demonstrated a typical foreign body reaction characterised by granulomatous inflammation. However, blinded grading of the magnitude of inflammation demonstrated that compared to BioGlue, Coseal elicited a markedly milder tissue response.

The granulomatous character and the distribution of inflammatory response are thought to be due to sealant eliciting foreign body reaction. In our study 2 weeks after application the amount of sealant residues was clearly higher in the BioGlue group. A longer persistence of sealant might elicit a greater immune response. Contrary to BioGlue, in most cases little or no sealant was evident in the Coseal group, indicating an early active degradation and removal in most cases.

Coseal was designed to hydrolytically degrade within 1--2 weeks. Murdock et al.^[@bibr31-0885328219900078]^ has shown an in vitro hydrolytic degradation time in a standardised ASTM in vitro test of 6 days for Coseal, while BioGlue did not degrade over 30 days. Hill et al.^[@bibr27-0885328219900078]^ has shown that 'small amounts of CoSeal were visible grossly or histologically at day 7'. Similarly, Wallace et al.^[@bibr10-0885328219900078]^ reported that 'the in vivo data suggested a tissue lifetime of ∼1 week for Coseal'.

Similar to our results, some studies demonstrate a granulomatous inflammatory reaction following BioGlue application in human patients up to two years after cardiovascular surgery.^[@bibr20-0885328219900078],[@bibr32-0885328219900078]^ Experimental studies in rabbits evaluating effects of PEG sealants demonstrate the potential to induce granulomatous inflammation 11 weeks after application in 50% of the specimens.^[@bibr33-0885328219900078]^

Upon detailed examination of the cellular infiltrates at the lesion sites, further differences between the two materials were apparent. Most striking was a greater presence of eosinophilic granulocytes in the HE-stained BioGlue samples, which was rarely observed in the Coseal samples, a finding corroborated by the eosinophil-targeted Luna staining. It has been previously reported that the infiltration of such cells can be elicited in rabbits in response to trauma.^[@bibr34-0885328219900078]^ Therefore, the response of the aortic tissue in the present model could be indicative of an adverse reaction to the BioGlue. This finding is in agreement with a study reported by Cerezal-Garrido et al., who evaluated various sealants applied to rat tracheal lesions.^[@bibr26-0885328219900078]^ They reported that 8 weeks after application, severe inflammation with presence of eosinophilic granulocytes was found in the BioGlue samples, with the presence of this particular cell type suggesting an ongoing active inflammatory response. In contrast, no inflammation was observed in the Coseal samples at this time point.

The second most notable difference between the two sealants was the more prevalent infiltration of lymphocytes and plasma cells in the BioGlue specimens (compared to Coseal), which is indicative of more persistent immunostimulation in response to the tissue sealant.^[@bibr35-0885328219900078]^ Schiller et al. also reported a long-term inflammatory response to BioGlue in rabbits, with moderate-to-severe inflammation evident 60 days after its application to the carotid arteries.^[@bibr22-0885328219900078]^ In a porcine coronary anastomosis model, a severe inflammatory response was observed three months after application of BioGlue, while the responses to gelatin--resorcinol--formaldehyde and cyanoacrylate sealants were classed as minimal and moderate, respectively.^[@bibr36-0885328219900078]^ A comparison of the effects of a number of different tissue sealants on rat colon also demonstrated a severe inflammatory response to BioGlue; however, the PEG-based Duraseal Xact (Covidien, MA, USA) elicited a much milder reaction.^[@bibr23-0885328219900078]^ At 28 days after sealant application, the tissue exposed to BioGlue displayed signs of necrosis, while there were no signs of an ongoing response to Duraseal. In a canine iliac model, a mild-to-moderate inflammatory response to Coseal was observed at 30 and 60 days after surgery, which was similar to that of the control anastomoses (no sealant).^[@bibr27-0885328219900078]^ Clinical evidence further supports the above findings: in three patients requiring surgical wound revision after transcatheter aortic valve implantation utilising BioGlue, a foreign body reaction was evident in all cases.^[@bibr15-0885328219900078]^

In most cases, inflammatory cells were localised to the aortic wall at the presumed site of the aortic lesion. However, in a limited number of specimens, endothelial cell hypertrophy was evident. Furthermore, in two cases in the BioGlue group, the inflammatory cells appeared to spread into the inner layers of the vessel. Injury to the vessel endothelium is of significant concern, as this could cause postoperative complications such as thromboembolism, potentially resulting in increased morbidity and mortality due to myocardial infarction, stroke or pulmonary embolism. In addition, one animal in the BioGlue group displayed partial necrosis of the vessel wall. Impacts on vascular structures, following application of BioGlue are reported in humans and rabbits.^[@bibr32-0885328219900078],[@bibr37-0885328219900078],[@bibr38-0885328219900078]^ Experimental studies on circumferential application of BioGlue around aortoaortic anastomoses in piglets demonstrate impaired vascular growth and anastomotic strictures.^[@bibr38-0885328219900078]^ Pseudoaneurysm formation was thought to be caused by an inflammatory reaction due to Bioglue application in two cases two years after cardiovascular surgery.^[@bibr32-0885328219900078]^ Furst and Banerjee reported that BioGlue applied to rabbit lung and liver tissue resulted in necrosis, although a less severe inflammatory reaction was observed for aortic tissue.^[@bibr37-0885328219900078]^ Fragmentation and dystrophic calcification of the vessel wall, which was commonly observed in both groups are thought to be the consequence of mechanical manipulation rather than tissue response to tissue sealants. Comparative studies evaluating various topical haemostatic agents demonstrate that Coseal is a very effective sealant for vascular and cardiac surgery applications with the capability inducing rapid haemostasis. However, it should not be used to surround anatomic structures that could be harmed by compression.^[@bibr39-0885328219900078]^

While this study investigated the inflammatory response at a single time point, comparisons with previous published literature provide an indication of the dynamic progression of the inflammatory response, and its dominant features. The tissue reaction to Coseal was investigated by Hill et al. in a canine iliac polytetrafluoroethylene graft model.^[@bibr27-0885328219900078]^ At day 7, marked-to-moderate inflammation was seen at the sites of Coseal application, with moderate inflammation also seen around the suture lines without sealant. There appears to be large variation in the reported responses of vascular tissue to BioGlue, with some studies demonstrating little inflammation at 3 months^[@bibr20-0885328219900078]^ or a year,^[@bibr40-0885328219900078]^ while another noted an adverse reaction at 3 months.^[@bibr41-0885328219900078]^

It has been suggested that the glutaraldehyde component of BioGlue may be responsible for eliciting an adverse tissue response.^[@bibr37-0885328219900078],[@bibr42-0885328219900078]^ Furst and Banerjee incubated a sample of crosslinked BioGlue in saline solution for 1 min in vitro, with analysis of the resulting supernatant demonstrating a glutaraldehyde concentration of up to 200 μg/ml.^[@bibr37-0885328219900078]^ Furthermore, the addition of small amounts of supernatant to cell culture medium resulted in almost complete loss of cell viability after just 100 min of culture.^[@bibr37-0885328219900078]^A further study evaluated the cytotoxicity of the degradation products of BioGlue and Coseal formed after incubation of the materials in cell culture medium for 7 days.^[@bibr31-0885328219900078]^ When cells were cultured in the resulting solutions for 24 h, no significant differences in cytotoxicity were observed. However, it should be noted that such a system is not representative of the in vivo situation, as it does not take into consideration diffusion of the degradation products away from the site of application. The rate of degradation of Coseal would have resulted in a solution with high osmolality after the 7-day incubation, which could be cytotoxic.

The mechanical properties of the sealant would likely have a notable effect on tissue response and efficacy, which is particularly significant for elastic tissue such as the aorta. A large difference in stiffness between the tissue and the sealant could result in excess stress being applied to the blood vessel.^[@bibr30-0885328219900078]^ In the present study, measurement of the compressive modulus of the two materials investigated showed clear differences, with BioGlue demonstrated to be much stiffer than Coseal. This is in agreement with a study by Azadani et al. who reported Young's moduli of 3122 and 100 kPa for BioGlue and Coseal, respectively.^[@bibr30-0885328219900078]^ Furthermore, Vakalopoulos et al. reported correlation between tensile strength and markers of inflammation when comparing a variety of different tissue sealants (including BioGlue, but not Coseal).^[@bibr23-0885328219900078]^ The high compressive modulus of BioGlue indicates that the sealant may limit changes in vessel diameter in response to pulsatile blood flow, whereas the low compressive modulus of Coseal indicates a pliable material allowing natural vascular compliance and rebound.

The low level of inflammatory response of vascular tissue to Coseal, taken together with its mechanical properties, suggests that it is a superior sealant to BioGlue for use with elastic tissues. These data are not only relevant for arteries, but could also be applicable to other highly compliant tissues, such as lung and intestine. These tissues have previously displayed adverse reactions to BioGlue.^[@bibr17-0885328219900078],[@bibr23-0885328219900078],[@bibr43-0885328219900078]^

One limitation of this study was that a single time point was evaluated; therefore, dynamic progression of the inflammatory response, and its dominant features (e.g. eosinophil infiltration), could not be assessed. A further limitation is that a control group where manual compression was used to achieve haemostasis was not included in the study. This was deemed unnecessary, as the aim of the study was to evaluate the tissue reaction to the two sealants. A further control group where the sealants were applied in the absence of suture holes could have provided additional information. However, in order to minimise the number of animals used, we decided to exclude such a group from the present study. Finally, use of additional time points could have provided information on the progression of inflammation over time.

Conclusions {#sec17-0885328219900078}
===========

This detailed head-to-head histopathological comparison of two tissue sealants, BioGlue and Coseal, demonstrated notable differences in type and severity of the resulting tissue reaction. While both materials elicited granulomatous inflammation, there was significant infiltration of eosinophil-like cells around the BioGlue-treated lesions, indicating a more severe response. When taken together with its greater elasticity, Coseal appears to be superior to BioGlue for use in surgical procedures involving the aorta.
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